Introduction
The evolution of our understanding of mechanisms of radiation effects at the cellular level has been stimulated by the observation of nontargeted responses where direct DNA damage does not appear to play a major role. These responses are a major challenge to the DNAcentric approach, which for ionizing radiation has concentrated on a central role for the direct induction of DNA double-strand breaks, and the importance of these in leading to cell killing, and if misrepaired, mutations and ultimately carcinogenesis. These nontargeted responses include a range of phenotypes, many of which have common features. Archetypal of these is the bystander response, where cells neighbouring those which have been irradiated respond to signals released from the irradiated cells. A range of experimental studies has been performed to quantify the dose response and determine the mechanisms underlying bystander responses. The aim of this paper is to review studies of bystander responses in cells exposed to sparsely ionizing or low LET radiations such as X-rays and g-rays. In particular, we will consider the importance of these responses in risks associated with radiation exposure, and postulate whether bystander responses have a role to play in the therapeutic use of radiation.
Low LET radiation-induced bystander responses
Much of the experimental evidence for bystander responses induced by low LET radiation has been provided by studies where medium from irradiated cell populations has been transferred to nonexposed populations. Mothersill and Seymour (1997) found that medium from g-irradiated epithelial cells could reduce the clonogenic survival of unirradiated cells. This effect was not observed when medium from fibroblasts was used. The effect was dependent on the numbers of cells present at the time of irradiation, but independent of doses between 0.5 and 5 Gy, and was manifested in the recipient cells by the production of high numbers of apoptotic cells. Further studies showed that delayed expression of lethal mutations and genomic instability was induced in the survivors of the bystander-killing treatment . Cell-to-cell contact was not required for the bystander effects in irradiated keratinocytes. Treatment of cells with the tumour promoter phorbol myristate acid which closes gap junctions, involved in gap-junctional intercellular communication (GJIC), led to increased cell killing by the bystander effect (Mothersill and Seymour, 1998) . A role for calcium-mediated signalling events involving the loss of mitochondrial membrane permeability and ROS production has recently been reported to play a role in bystander-mediated apoptosis (Lyng et al., 2002) .
Other groups have reported the transmission of protective factors from nonhit to hit cells. For example, Lehnert and colleagues have observed decreases in p53 levels and CDKN1A in unirradiated cells treated with supernatants from populations of cells exposed to lowfluence a-particles. They also reported increased proliferation in the bystander cells (Iyer and Lehnert, 2002) . Also, studies in thymocytes have shown that interactions between different types of cells lead to different degrees of radiation-induced apoptosis, via the production of soluble autotoxic mediators. Underlying this response may be the involvement of lipoxygenase products (Korystov Yu et al., 1993) . When irradiated thymocytes are mixed with nonirradiated thymocytes less interphase-induced cell killing is observed than would be predicted on the basis of ratios of the cells mixed together. This protection effect is not observed when the medium from nonirradiated cells is added to the irradiated cells. To date, no systematic studies have been performed regarding the relative role of protective versus sensitizing processes in bystander responses. In many dose-response studies, a saturation effect is observed, and it is not known whether this is due to a saturation of a bystander signal or that some cells are not responding due to protective processes which are induced.
To date, two main mechanisms have been reported to underpin bystander responses; media-transferable factors and direct cell-to-cell communication via GJIC. Considerable controversy exists as to which pathway is of more relevance to radiation responses at low dose. Much of the evidence for a role for GJIC has come from studies with low-fluence a-particles. In a series of studies, it has been shown that inhibition of GJIC reduces the degree of bystander-induced gene expression via a connexion 43-dependent mechanism (Azzam et al., 1998 (Azzam et al., , 2001 ). Other studies have also shown an involvement of GJIC in the induction of bystander-mediated cell mutations. Ultimately, it is likely that the difference between these two mechanisms may be governed by cell type and context at the time of irradiation. In some situations, both factors being released from cells into the medium and GJIC may play a role. Typically, for GJIC, molecules of less than 1500 Da can be exchanged, and these could potentially be signalling molecules which are also released in the medium. Also at the tissue level, bystander mechanisms may be highly governed by tissue architecture (Barcellos-Hoff and Brooks, 2001 ).
Studies of bystander responses using targeted approaches
In general, studies of bystander responses in experimental systems have followed two main experimental approaches. (1) Cell culture media from irradiated cells is transferred to nonexposed cells and (2) individual cells within a population are exposed directly. An important consideration of bystander effects is whether they are important responses which may influence the risk associated with radiation exposure, particularly at low doses. For low LET, it is important to design experiments to mimic the likely interactions of tracks at the tissue level, at levels of dose equivalent to background levels of radiation. Figure 1 shows a 2-D representation of a hypothetical tissue section, where a simulation of electron tracks has been added at various time periods. Within time periods of 1 h to 1 day, typically no cells will see an electron track traversal. By 1 week, there is a significant probability of a single electron track traversal interacting with several cells. By 1 month, an average of two electron track traversals will have occurred. By 1 year, most cells will have observed a single electron track traversal, and by 10 years all cells will have observed multiple electron tracks. In contrast, at background levels, only a single high LET a-particle track traversal will have been observed over a period of 10 years. To simulate these dose distributions experimentally, it is clear that the effects of single electron tracks and charged particle tracks need to be determined. This is particularly important for studies of the bystander effect, and attempts to elucidate mechanisms in both isolated cell and tissue models. A major approach to this has been the development of microbeams which allow individual cells within populations to be targeted at the subcellular level with precise doses of radiation.
The current generation of microbeams have their origins in the early 1990 s with approaches by Braby and colleagues (Braby, 1992) to collimate acceleratorproduced charged particles to subcellular dimensions. Although first developed many years ago (see Prise et al. (2000b) for a review), recent developments in imaging, software and hardware advances have allowed sophisticated microbeams to be constructed, which can deliver targeted irradiation with high reproducibility. Our own laboratory has developed two microbeams, one based on the use of charged particles and the other based on characteristic ultrasoft X-rays. Generally, for Low LET bystander effects KM Prise et al charged-particle microbeams, the radiation from an accelerator is either collimated, using an aperture or capillary, down to micron dimensions, or focused using electrostatic or magnetic lenses. Particle detection can be done before the cell to be positioned for irradiation, using scintillation plastic coupled to photomultiplier tube detection; alternatively, particle detection can take place after the cell position using gas-proportional counters. Computerized control of stage movement coupled to sophisticated imaging systems, based on intensified CCD cameras, allows automated cell detection and alignment. The current generation of particle microbeams utilize this general principle of collimation coupled with particle counting (Braby, 1992; Folkard et al., 1997a, b; Randers-Pehrson et al., 2001) . Using this approach, current systems can achieve 100% efficiency of particle detection, resolutions approaching 1 mm (Folkard et al., 1997a, b) , and a cell throughput approaching 3000 cells/h (Miller et al., 1999) . We have utilized this approach not just as a source of high LET helium-3 ions (B100 keV/mm), but also to produce lower LET protons of B3.5 MeV (B12 keV/mm) (Prise et al., 2000a; Schettino et al., 2001 ). For our focused soft X-ray microbeam, specialist diffraction lenses used in soft X-ray microscopy, known as zone plates, focus characteristic X-rays down to o250 nm spot sizes. This is coupled to a similar microscope stage, and imaging station to that used for the particle microbeam . The use of soft X-rays allows the terminal track electrons of conventional low LET radiations (X-rays, g-rays) to be studied mechanistically. As well as 278 eV carbon-K characteristic soft X-rays, other higher energies are being developed (Schettino et al., 2002) , including 1.5 keV aluminium-K and 4.5 keV titanium-K. Several groups are also developing electron microbeams which will also utilize focusing systems to produce electrons in the 10-90 keV energy range (Miller et al., 2000; Wilson et al., 2001) . Another approach which is under development by several groups in the US and Japan is to utilize synchrotron-produced X-rays. Ultimately, these approaches will allow targeted studies of the responses of biological models to low-dose exposure from low LET radiation, including that of single electron track traversals. Our published studies using microbeam technology have tested for a bystander effect in primary human fibroblasts (Prise et al., 1998) . G1-phase fibroblasts were seeded into specially constructed polypropylene-based dishes, and allowed to attach. In an area of B1 cm 2 , approximately 600-800 cells were present. One cell located within this population was targeted with a known number of helium-3 ions (B100 keV/mm) using our charged particle microbeam. The dish was revisited 3 days later, which is the peak expression time for chromosomal damage formation (Belyakov et al., 1999) . Increased numbers of damaged cells, measured as micronucleated or apoptotic cells, were observed even after a single particle traversal (Belyakov et al., 2001) . In general, a 2-3-fold increase in the level of damaged cells was measured in comparison with controls. This typically results in an increase in the numbers of damaged cells in the population from B40 to B120, despite the fact that only a single cell was initially irradiated. Importantly, a single helium ion delivered to a single cell is capable of switching on the effect, and this saturates at higher numbers of particles. Also, the degree of bystander-mediated micronucleated cells produced did not vary with increasing numbers of cells targeted. The damaged cells were distributed throughout the dish (Prise et al., 1998) , indicating that a media-borne factor is involved. The dose-response curves obtained for the bystander response in this model have key features which have been observed by many of the other reported studies. Clearly, the effect predominates at low doses, as it is observed after a single helium ion traversing a single cell, and delivering a dose of B100 mGy. The response appears to be fully switched on at this dose, with no additional effect when up to 15 helium ions are targeted to an individual cell. More recently, we have compared the response of these cells to targeted soft X-rays delivered from our soft X-ray microprobe (unpublished data). In Figure 2 , we have compared the response of irradiating a single cell within a population with helium-3 ions or 100 keV/mm, or carbon-K-characteristic soft X-rays. To compare these radiations, we have normalized to the dose deposited in the cell nucleus on the basis of two-photon confocal measurements of cell dimensions at the time of irradiation. It is clear that soft X-rays are significantly less effective at inducing a bystander effect than helium ions under these conditions, suggesting that at least in this model the triggering of the response is highly radiation quality dependent.
We have also determined the effectiveness of targeted protons and focused soft X-rays at inducing bystandermediated cell killing. Individual V79 hamster fibroblasts have been targeted with 1.0 or 3.2 MeV protons, and clonogenic survival measured using a single cell revisiting protocol. A significant bystander-mediated cell killing is observed. Similarly to that observed with micronuclei, the effect saturates at low dose when only a single cell is targeted (Prise et al., unpublished data). For α-particles C-K soft X-rays Figure 2 Increase in the frequency of damaged AGO1522 human fibroblasts observed when only a single cell within a population is exposed to focused C K soft X-rays or helium-3 particles delivered through the nucleus. Cells were scored for micronuclei 3 days after exposure (Belyakov and Prise, unpublished data) 1.0 MeV protons, a single proton equivalent to a dose to the nucleus of 50 mGy was capable of inducing a bystander response. Figure 3 shows an example of the distributions of nonviable cells measured under bystander conditions. Typically between 100 and 200 cells are normally present on the dish at the start of an experiment. When only a single cell is targeted, a maximal bystander effect of B10% reduction in viability is found equivalent to approximately 10-20 cells responding to the bystander signal. Importantly, the bystander-mediated cell killing is observed when only a single cell is targeted. This confirms, in both this model and the fibroblasts shown earlier (see Figure 2) , that every cell within a population is capable of releasing a bystander signal. However, only a certain fraction of cells are capable of responding to the bystander signal. Also, it is clear that, even although only a single cell is targeted within the centre of the dish, damaged cells are observed throughout the area of the dish which is analysed. From samples similar to the example shown in Figure 3 , there is an equal probability of finding cell killing anywhere over the 25 mm 2 area of the dish. Similar results have been observed using focused carbon-characteristic soft X-rays, when these are targeted to individual cells. The dose response for both uniform irradiation (every cell targeted) and bystander treatment (one cell targeted) is shown in Figure 4 . For this study, we have normalized the dose to photons absorbed in the nucleus, which for carbon-K soft X-rays is equivalent to 500 C-K photons at 50 mGy. At low doses of carbon-K soft X-rays, there is little difference in the degree of cell killing observed when with one cell or all cells are irradiated, but at doses above 200 mGy there is a saturation of bystander cell killing. Other studies with this system show that the induction of the bystander response is not influenced by the number of cells targeted, but is strongly determined by the dose (i.e., energy deposited) per targeted cell Schettino et al., in preparation).
Radiation quality
To date, limited analysis of the LET dependence of the bystander response has been undertaken. The majority of reports have either used direct exposure to high LET helium ions delivered by low fluence sources typically such that only a few percent of cells within a population are exposed (Nagasawa and Little, 1992; Azzam et al., 2001) , or directly via microbeam approaches; alternatively, studies have followed media-transferable factors after low LET exposure (Mothersill and .
One early study examined the induction of p53 protein expression in rat lung epithelial cells when irradiated with low fluences of a-particles versus conventional exposures with X-rays (Hickman et al., 1994) . The authors observed a significant bystander response to a-particles with B7% of cells responding under conditions where only 0.5% of cells were exposed. At this level of dose (6 mGy), no p53 expression was detected in the X-irradiated cells suggesting an infinite RBE at low doses. Recent studies by Shao et al. (2001 Shao et al. ( , 2002 followed the induction of bystander-mediated micronucleation after cells were irradiated with charged particles of different LET. Using a medium transfer approach, they observed a significant LET dependence of bystander-mediated micronucleation and cell proliferation. High LET radiation was more effective at inducing bystander responses than low LET, and the mechanism of action involves the key signalling molecule nitric oxide (Shao et al., 2002) . 
Studies in multicellular systems
Recently, there has been considerable interest in the relative importance of bystander responses for in vivo systems, where little information is available for the role of bystander effects. Some studies have been done in multicellular models. Bishayee et al. (1999 Bishayee et al. ( , 2000 have shown that, in clusters of V79 cells, a fraction of which was labelled with 3 H thymidine, additional cell killing is observed, based on the number of cells prelabelled. This additional cell killing effect could be modified by the addition of the OH scavenger DMSO or lindane which inhibits GJIC. Similar studies have been performed with radioisotopes incorporated into tumours in vivo. Tumour cells labelled with 125 IUdR were mixed with unlabelled cells, and preinjected subcutaneously into a nonradiolabelled tumour pre-established from the same cell type. A significant tumour regression was observed, which the authors attributed to the release of a bystander factor in vivo (Xue et al., 2002) . Tumour cells generally exhibit significant genomic instability. Recent studies have shown evidence that unstable hamsterhuman hybrid cells, which exhibit radiation-induced chromosomal instability, can release factors which lead to reduced plating efficiency in unirradiated cells (Nagar et al., 2003) . Other studies have also shown that bystander and instability responses are related. When haematopoeitic stem cells were irradiated under conditions where only 50% of the cells were exposed, a significant level of bystander-induced genomic instability was observed (Lorimore et al., 1998) . Further studies, where these cells were transplanted back into mice, showed that the effects could be observed in vivo (Watson et al., 2000) . Underlying the response was macrophage activation which appears as an inflammatory response to the production of apoptotic cells (Lorimore et al., 2001) . Instability is known to be a key step in the development of tumours; hence, radiation-induced genomic instability has been postulated to play a role in radiation carcinogenesis. Whether bystander events also play a role needs to be determined.
Significant evidence has existed for many years on the production of clastogenic factors from irradiated samples from humans. Examples include early studies (Hollowell and Littlefield, 1968) where plasma from radiotherapy patients was able to induce chromosomal damage in normal unirradiated lymphocytes when these were cultured short term. These were classified as indirect effects of radiation and thought to involve the production of clastogenic factors (see Emerit, 1994) . These clastogenic factors have been postulated to be between 1000 and 10 000 Da in size, and include lipid peroxide products (Emerit et al., 1991) , ionisine nucleotides (Auclair et al., 1990) and cytokines such as TNF-a (Emerit et al., 1996) , but underlying their actions is the involvement of reactive oxygen species (ROS) such as superoxide radicals. Several reports in animals and patients of abscopal (i.e. out of field) effects after partial irradiation have been reported, and it is interesting to speculate as to the underlying mechanisms and whether bystander effects are involved. Khan et al. (1998) found that when partial irradiation of rat lung (i.e. the base) was performed, DNA damage, measured as micronucleus formation, was also observed in other areas of the lung, principally the lung apex. Some of this response may involve increased production of TGF-b from partial irradiation of the liver. A recent study showed a significant radiation-induced abscopal antitumour effect mediated via p53 (Camphausen et al., 2003) . Nontumour-bearing legs of p53 wild-type or p53 null mice were irradiated to determine whether a response was observed against a lung carcinoma or fibrosarcoma transplanted at distal sites. A reduction in tumour growth was observed, which was dose dependent and could be prevented by using the p53 inhibitor pifithrin-a or the p53 null animals. This suggests that for abscopal effects, p53 may play a major role, and that downstream pathways are important in eliciting the response.
If these responses are proven in humans, they may require the incorporation of directional and geometrical information into calculations of normal tissue complication probabilities for the lung, which are currently not considered in conventional dose-volume histograms (Moiseenko et al., 2000) . Other examples of abscopal events have also been observed in patients, such as bilateral pneumonitis after unilateral irradiation (Morgan and Breit, 1995) , and these may also involve inflammatory responses.
Bystander responses and therapy
With considerable indirect evidence for the role of bystander responses in vivo (Morgan, 2003) , an important question is whether these responses can be utilized for therapeutic benefit. An important aspect of bystander responses is that they may have consequences for the current role of radiotherapy and future novel therapeutic approaches. Firstly, they may be of importance in cancer risk at low doses, particularly for secondary cancer induction, the rates of which are increasing with improved primary tumour cure rates (Engels et al., 1999; Brenner et al., 2000; Obedian et al., 2000) . Recent cellular studies have shown a complex phenotype under fractionated conditions, which may lead to the reduction of the sparing effect of dose fractionation in vivo. As mentioned previously, they may also be involved in abscopal effects such as contralateral or positional effects reported in tissues such as the lung (Morgan and Breit 1995; Khan et al., 1998) . Secondly, if the mechanisms can be elucidated, novel approaches to enhancing the existing targeted radiotherapy approaches and/or reduction of secondary cancer risk could be employed. For example, bystander pathways could be inhibited to protect normal tissues close to tumours, or they could be enhanced to improve cell killing within tumours. Bystander responses are already of considerable importance in gene therapy regimens where not all tumour cells are targeted and indirect cell killing to untargeted cells is required to ensure maximal tumour cell kill (Ramesh et al., 1996) . For example, cells transfected by the herpes simplex virus thymidine kinase gene are killed by addition of ganciclovir along with neighbouring cells which have not been transfected (Mesnil et al., 1996) . This bystander effect involves GJIC, and requires expression and surface location of C Â 43 gap junctions (McMasters et al., 1998) . In contrast, the bystander effect mediated by the thymidine phosphorylase/5 0 -deoxy-5-fluorouridine suicide gene system involves a factor released into the medium, which is independent of GJIC (Denning and Pitts, 1997) . Understanding radiation-induced bystander responses may therefore provide useful insights into potential new therapeutic approaches which invoke mechanisms related to cell-cell communication of damage-sensing signals.
Bystander responses and radiation risk
Ultimately, the importance of nontargeted responses, such as the bystander effect, is related to whether they are of relevance to the levels of risk associated with radiation exposure from environmental or occupational sources (as well as therapy, see previous section), or whether they are an experimental phenomenon of little relevance to the in vivo situation.
Given the convincing evidence for radiation-induced bystander effects and genomic instability in cellular systems, it is important to consider their role in vivo, and their relevance to radiation risk. For radiation risk, current models are based on direct damage to nuclear DNA being an initiating event in the carcinogenic process. For a given type of radiation, DNA damage is induced in proportion to dose, which implies a linear relationship between cancer induction and dose in the low-dose region. If, however, bystander effects contribute to the carcinogenic process, they may influence the shape of the dose-effect relationship. Most observations of bystander effects have shown a saturating response above a threshold dose (see Figures 2 and 4 as examples). In our studies for high LET, even a single ion track through a single cell triggers a level of response throughout the population, which does not increase when further irradiation is given to the same or to other cells. Such behaviour could lead to various forms of nonlinearity in the low-dose region, depending on whether the bystander effect leads to an increase in the number of cells affected, or to a decrease in the number of cells at risk due to propagation of lethal effects. At higher dose levels where most bystander effects appear to saturate, other factors must switch on to give the normal acute responses observed beyond the range where most bystander effects appear to saturate. For low LET radiation, to date little direct evidence exists for radiation-induced bystander effects at doses equivalent to single electron track exposures. Our own studies have observed bystander effects with soft X-rays at doses as low as 50 mGy (see Figure 4) . A recent study has measured direct effects leading to dsb with doses as low as 1.2 mGy of X-rays, but no significant level of bystander response was reported, although some differences in the ability of cells to repair dsb at very low doses were found (Rothkamm and Lobrich, 2003) .
At the tissue level, carcinogenic risk from bystander effects will be a balance between processes leading to mutation and those potentially being protective, by removing damaged or 'at risk' cells. Considerable progress still needs to be made to determine the role of tissue homeostatic processes in governing overall responses to radiation exposure (Barcellos-Hoff and Brooks, 2001) , particularly under conditions of relevance to background level exposures for low LET, as depicted in Figure 1 . The use of microbeam approaches will also impact in this area, as they will allow studies in complex tissue models to be performed (see, for example, Belyakov et al., 2002) under precise targeted conditions of low-dose exposure.
Summary and conclusions
Significant evidence now exists for the universality of bystander responses in cellular models after exposure to low LET radiation. Only limited data are available regarding the LET dependence of these responses, and further mechanistic studies are required to determine the important parameters of dose, track structure and cell density, which may govern the response for different radiations. Microbeam approaches are an important tool to understanding the role of bystander approaches at low doses of relevance to radiation risk from background exposures. These allow precise low doses down to, and including, single electron tracks to be delivered to precise cellular locations. Some indirect evidence currently exists for these responses occurring in vivo after low LET exposure. These may be important observations, as they suggest that bystander responses could also impact on our understanding of radiation exposures in clinical situations, and could be potentially manipulated to modify and improve current radiotherapy and targeted therapeutic approaches. CT1999-00003 FIGH-CT1999-00012), the UK Department of Health (RRX92) and the US Department of Energy (DE-FG02-02ER63305, DE-FG02-01ER63236, DE-FG07-99ER62877) for supporting their studies on radiation-induced bystander responses.
